0 -di-tert-butyl-2,2 0 -bipyridine (dbbpy) has been coordinated to the 
Introduction
Molybdenum dithiolene complexes have been extensively studied since the 1960s due to their interesting properties and applications.
1 Broadly, compounds with five-membered MoS 2 C 2 (R 2 ) chelate rings can be synthesised by reaction of a molybdenum compound with a preformed alkenedithiolate (or related species), i.e. Mo + S 2 C 2 (R 2 ); or result from the addition of alkynes to molybdenum sulfides, i.e. MoS 2 + C 2 (R 2 ). 1a The latter method, which implies the formation of two C-S bonds, has been used in the past to generate mono-, 2 di-, 3 and trinuclear 4-7 dithiolene complexes (see Scheme 1). Recently we became interested in the mechanistic aspects of the reaction between trinuclear Mo 3 (m-S)(m-S) 3 species and alkynes (Scheme 1c),
Scheme 1 Examples of mono-(a), di-(b), and trinuclear (c) molybdenum sulfides that react with alkynes leading to dithiolene complexes.
having analysed various factors that affect the kinetics and thermodynamics of the process from experimental and computational viewpoints. [8] [9] [10] Our results show that it can be viewed as a concerted [3+2] cycloaddition reaction between a Mo(m-S) 2 moiety of the cluster and the two sp-hybridised carbon atoms of the alkyne; however, differences appear upon modification of the solvent, alkyne substituents, metal coordination environment, or the nature of the metal itself. For instance, while the Mo 3 3 ] + (acac = acetylacetonate, py = pyridine) cluster shows a polyphasic kinetics which involves substitution of the pyridine ligands and further ligand reorganization. [9] [10] Interestingly, no reaction is observed upon replacement of molybdenum by tungsten in the case of the acac-py cluster. 10 In contrast, the isothiocyanate tungsten . 5 In order to shed more light on the mechanism of these processes, we decided to investigate the reaction of the trinuclear [M 3 S 4 Cl 3 (dbbpy) 3 
Physical measurements
Elemental analyses were performed with a EuroEA3000 Eurovector analyser. IR spectra were recorded in the 4000-400 cm
À1
range with a Perkin-Elmer System 2000 FTIR spectrometer with samples in KBr pellets. The characteristic IR frequencies for the bipyridine ligands were assigned on the basis of previous results. A triple quadrupole mass spectrometer with an orthogonal Z-spray electrospray source (Waters, Manchester) was used. The temperature of the source block was set to 100 1C, and the desolvation temperature was set to 120 1C. A capillary voltage of 3.3 kV was used in the positive scan mode, and the cone voltage was set to U c = 20 V. Mass calibration from m/z = 50 to 3000 was performed with a solution of sodium iodide in 2-propanol/water (50 : 50 Absorption corrections were applied with SCALE3 ABSPACK scaling algorithm. 14 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms of water molecules were not localised directly from the experiment. To observe all amounts of highly disordered water molecules a SQUEEZE procedure 15 and a PLATON program set 16 were used. This gives 150 e per unit cell or 2 additional water molecules per formula unit (in total 5 molecules per unit). Crystallographic data and refinement details are given in Table S1 (ESI †). CCDC 1457770.
Kinetic measurements
The kinetic experiments were carried out with an Applied Photophysics SX-18MV stopped-flow spectrometer provided with a PDA1 photodiode array detector, and with a Cary 50 Bio UV-Vis spectrophotometer. All experiments were carried out at 25.0 AE 0.1 1C in acetonitrile by mixing a solution of [1] + (7.5 Â 10 À5 M) with another solution containing the alkyne in a concentration range large enough (0.01-0.50 M) to ensure pseudo-first order conditions. Preliminary experiments at two different cluster concentrations were carried out to confirm the first order dependence of the observed rate constants on this reagent. The spectral changes in the 700-1000 nm range were analysed with program SPECFIT-32. 17 
NMR experiments
NMR spectra were recorded on Agilent 500 and 600 DD2 and Bruker Avance 500 spectrometers at room temperature. Chemical shifts are given in parts per million from ).
Computational details
DFT calculations were carried out with the Gaussian 09 (Revision D.01) suite of programs. 18 Geometry optimizations were carried out with the BP86 functional in combination with the SDD pseudopotentials and associated basis sets (BS1). 19 The clusters
[1] + and [2] + were modelled using 2,2 0 -bipyridine instead of dbbpy ligands, i.e. as formally resulting from the substitution of t butyl groups by H atoms in the latter. Frequency calculations at the same level of theory confirmed that all the optimised structures on the potential energy surface correspond to either minima (all positive eigenvalues) or transition state structures (one imaginary eigenvalue). In addition, IRC calculations and subsequent geometry optimizations were employed to confirm the minima linked by each transition state.
All reported energies are free energies in solution, computed at 298.15 K and 1 atm. They are based on single-point gas phase energies with a larger basis set system, BS2, on the previously BS1-optimised structures, subsequently corrected by including thermal corrections from energy to free energy within the rigidrotor-harmonic-oscillator, as well as single-point solvent and dispersion corrections. BS2 employs the SDD pseudopotentials and associated basis sets for Mo, W and S (with added d-orbital polarization on the latter 20 ) and the Pople-style 6-311+G(2d,2p) basis set for the remaining atoms. Solvent corrections were computed at the BP86/BS1 level and made use of the PCM approach with standard parameters for acetonitrile. 21, 22 Dispersion effects were included using Grimme's D3(BJ) parameter set. 23, 24 Structures were generated using CYLview (color code: Mo (turquoise), W (blue), N (purple), Cl (green), S (yellow), C (grey), H (white)). 25 3. Results and discussion
Synthesis and characterisation
In a previous work we have shown that the high lability of the thiourea ligands in the easily accessible [Mo 3 S 4 (tu) 8 showing an intense band centered at ca. 1000 nm and a shoulder at ca. 800 nm, as exemplified in Fig. 2 for the reaction with dmad. Unfortunately, the precise positions of the bands cannot be determined because they extend beyond the detector range. In any case, detailed analysis of the stopped-flow data indicates that a kinetic model with a single exponential is sufficient in all cases for a satisfactory fit, and therefore indicative of no subsequent processes. The appearance of the near-IR band is typical of [3+2] cycloaddition products of the reaction between cuboidal clusters and alkynes, 5, 6 so this spectral feature is which reacted with neither of these alkynes.
(1)
The k 1obs values obtained for [1] + under pseudo-first order conditions of alkyne excess show a linear dependence on the concentration of the latter (Fig. 3) , and fitting to either eqn (1) or (2) leads to the second-order rate constants listed in Table 1 . It is noteworthy that, for the reaction with btd, such linear dependence shows a nonzero intercept, indicative of a reversible process, and eqn (2) was employed accordingly. For comparison, Table 1 also includes a summary of the rate constants obtained for the first step of the reaction between [Mo 3 S 4 (acac) 3 (py) 3 ] + and the same set of alkynes. In both cases it is clear that adc and dmad react faster than the remaining alkynes. This was rationalised as resulting from the different electron-withdrawing substituents of the alkyne. 9 All in all, the data in Table 1 29 Similar spectral changes were nonetheless observed, and in fact the overall fit of the whole set of data available led to a k 1 value of 9.8 AE 0.6 M À1 s À1 , analogous to that derived in the absence of the acid (see Fig. S3 , ESI †). On the other hand, NMR experiments in the presence of, first an excess of dmad, and then an excess of trifluoroacetic acid, showed the release of the dbbpy ligands and, consequently, the cluster decomposition. When taken together with the stoppedflow information, these results suggest that dbbpy dissociation must occur in a slower time scale than the initial cycloaddition. Thus, protonation by strong acids leads to decomposition, whereas the reaction of 
Product characterization by ESI-MS and NMR techniques
In order to confirm the nature of the cycloaddition product signaled by the appearance of the near IR band in the reaction products between [1] + and alkynes, the reaction with dmad has been monitored by ESI-MS and NMR techniques. Mass spectrometry monitoring was performed by adding a ten molar excess of dmad to a 10 À3 M cluster solution in acetonitrile (see Fig. 4 ).
After ten minutes, the ESI spectrum of the reaction mixture shows a peak centered at m/z 1469 assigned to H NMR spectrum of the reaction product shows a large number of mostly overlapping and sometimes broad signals, accompanied by those corresponding to free dmad. Given that ESI-MS experiments rule out cluster decomposition, the resulting complex NMR pattern must be due to the lower symmetry of the resulting species, where dbbpy aromatic hydrogens become non-equivalent. show a reduced number of signals due to overlapping, but their overall peak integration also correspond to six. The formation of a dithiolene unit is supported by the presence of two singlet signals at 3.41 and 3.53 ppm corresponding to the carboxylate methyl groups, which become non-equivalent upon coordination to the cluster. The observed number of signals are attributable to the fully non-equivalent dbppy ligands (i.e. three ligands with two H 9,10 The remaining quaternary carbon atoms were identified by their HMBC long C-H correlation with neighboring protons. The carboxylate methyl groups in dmad adduct show a three-bond correlation with the carboxylic carbon atom, which appear at 164.1 and 164.9 ppm.
Computational (DFT) studies
The mechanism of formation of type I products between the clusters [1] + and [2] + and alkynes has been computationally analysed (see Computational details). The objective of the study is threefold: (a) to understand why [2] + does not react with alkynes whereas [1] + does; (b) to confirm that those reactions lead to type I products via concerted [3+2] cycloaddition processes, as has been described for other cuboidal clusters, [8] [9] [10] and (c), to analyse the effect of the substituents at the alkyne on the kinetics and thermodynamics of these cycloadditions. To do so, the reactions of the clusters [1] + and [2] + with all the alkynes employed in the experimental section were studied. The computations began with the optimization of the structures of the reactants, transition states, and corresponding type I reaction products for these reactions. Despite multiple attempts, in line with our previous mechanistic studies on the same reaction for other cuboidal clusters [8] [9] [10] it was only possible to locate transition states (TS) for the concerted formation of two C-S bonds between cluster and alkyne, i.e. no intermediates with one C-S bond were located. A summary of the activation (DG ‡ ) and reaction (DG r ) free energies for these concerted [3+2] cycloadditions is included in Table 2 , whereas the structures of the computed TS and products for the reactions of both clusters with btd are depicted in Fig. 6 10 where it was also concluded that the main effect of metal substitution consists of an increase in the reaction free energies. By using a combination of activation strain model and energy decomposition analyses that report showed that substituting Mo by W induces changes in the electronic structure of the cluster that result in weaker intraand intermolecular orbital interactions. Interestingly, the smaller the distance between cluster and alkyne, the larger the energy difference between the potential energy surfaces for the reactions of both clusters with the same alkyne. Thus, as cluster and alkyne become closer throughout the [3+2] cycloaddition reaction, the differences in DG ‡ are always smaller than those in DG r .
10
In agreement with the similar ionic radii of molybdenum and tungsten, 30 Table 2 ). Changing the substituents of the alkyne also leads to variations in the DG r values, although in all cases product formation remains exergonic. In general, both kinetic and thermodynamic differences computed for the reactions of 
